Polymer ferroelectrics are flexible and lightweight electromechanical materials that are widely studied due to their potential application as sensors, actuators, and energy harvesters. However, one of the biggest challenges is their low piezoelectric coefficient. Here, we report a mechanical annealing effect based on local pressure induced by a nanoscale tip that enhances the local piezoresponse.
A s flexible smart devices are being developed, nowadays, there is an increasing demand for using organic ferroelectric polymers as the functional components in such devices. The ferroelectric polymer of poly(vinylidene fluoride) (PVDF) and its copolymer poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) are widely used as ultrasonic transducers, 1,2 piezoelectric sensors, 3 electromechanical actuators, 2,3 and energy harvesters, 4 due to their relatively large remnant polarization, 5 high piezoelectric activity, 6 and the possibility of being easily integrated onto flexible substrates at low processing temperatures. 7 However, one of the biggest deficiencies of polymer ferroelectric materials is their low piezoelectric coefficient (d 33 ), which is determined by the normal component of the local polarization, 8 which is, in turn, related to the crystallinity of the materials and the degree of alignment of the dipoles along the surface normal direction. 9 Therefore, there have been many efforts to enhance the intrinsic material properties of ferroelectric polymers using, for example, electrospinning, 10 nanoimprint lithography, 7 and mechanical shearing/drawing. 2, 11, 12 Electrospinning can induce a phase transformation from nonpolar R-phase to polar β-phase in PVDF or P(VDF-TrFE) nanofibers via uniaxial stretching and electrical poling. 10, 13 Nanoimprint lithography (NIL), which creates PVDF or P(VDF-TrFE) nanostructures by the mechanical deformation using a hard mold, can achieve crystal ordering by the confinement effects. 7, 14, 15 Large-scale control of molecular and microstructural orientation in P(VDF-TrFE) films was realized using the static mechanical shearing during melt and recrystallization process. 11, 12 Mechanical drawing can control the macroscopic orientation of the thick PVDF film in the form of a freestanding structure over a large area while inducing the phase transition from nonpolar to polar phase at about 90°C. 2, 16 Although all these methods have led to improvement in either the ferroelectric polarization or piezoelectric coefficient, until now, there has been no appropriate method for enhancing piezoelectric properties of ferroelectric polymer films thinner than 100 nm. As ferroelectric polymers have high coercive fields of about 50 MV m À1 , thin films are required to reduce the switching voltage. 5, 7 However, they suffer from the degradation of piezoelectric properties due to a reduction in crystallinity. 17, 18 Here, we present a novel technique that improves piezoelectric properties of thin P(VDF-TrFE) films by using local mechanical stress at room temperature. This process, termed "mechanical annealing", can control the material properties over a selected area in the films through sequential spatial integration of local interactions using a nanoscale tip. It should be noted that our work is different from the previous work reported by Kimura et al. 19À22 in the aspect of the temperatureÀpressure space and the structureÀ property relationship in terms of piezoelectric coefficient. We applied a local stress larger than the yield strength at room temperature and investigated the accompanying change in the piezoelectric properties, whereas they used much lower stress at elevated temperature and room temperature without detailed characterization of the piezoresponse hysteresis loop. In addition, we investigated the mechanism behind the increase in piezoelectric properties by systematically analyzing the change of molecular alignment and chain conformation and the change in the vertical and lateral polarization images using piezoresponse force microscopy (PFM).
RESULTS AND DISCUSSION
To investigate the relationship between the mechanical force and the material properties of the P(VDF-TrFE) thin films, we applied a mechanical force ranging from 0.6 to 1.4 μN to the film at room temperature by pressing the SPM tip against the sample surface during the scanning process as shown in Figure 1a .
In Figure 1b , SEM images show both pristine and mechanically annealed regions in P(VDF-TrFE) films. The surface morphology was irreversibly deformed under high mechanical stress ranging from 0.6 μN (212 MPa) to 1.4 μN (495 MPa), which is expected, as the applied stress is larger than the yield stress of 20À30 MPa. 23 Furthermore, the randomly oriented crystals in the pristine region became well aligned with the fast scan direction after the mechanical annealing, resulting in stripe domains as shown in Figure 1c . In addition, dark lines were formed between the annealed rows. We applied the mechanical force with a 30 nm radius tip during 64 line scans that were spaced 78 nm apart from each other. This value (i.e., 78 nm) is in the range of measured values of line widths from SEM images (Figure 1c and d) . Therefore, we think that the dark lines are the trajectories formed by the tip and aligned with the center of the tip, which was in contact with the surface. Figure 1e shows the dependence of the surface roughness on the applied force. The root-mean-square (rms) surface roughness increased from 2.0 nm to 10.7 nm with the increasing mechanical force. The change of the surface roughness might be due to the wear of the film by the SPM tip during the scanning process under high mechanical stress. In addition, we believe that when the mechanical force increases, the protrusion of the film increases proportionally to the mechanical force due to the increase of the wear depth as the mechanical force increases. 24 The increase in the roughness is detrimental to many applications, 25 and we plan to explore additional means such as a postannealing process to reduce the overall roughness. However, it should be noted that surface roughening can be useful in some cases where we want to increase the effective surface/volume ratio, as in the case of, for example, tribo-energy harvesting, 26 catalysis, 27, 28 and electron emission. 29, 30 Furthermore, to elucidate the changes in the surface morphology distinctly, we obtained the cross-sectional transmission electron microscopy (TEM) image (see Figure 1f ) covering both the pristine and the neighboring mechanically annealed region. After the mechanical annealing, the sample was prepared for TEM imaging by overcoating with a protective layer of gold, followed by focused ion beam (FIB) milling to cut (in the direction perpendicular to the fast scan direction in the mechanically annealed region) the sample suitably for cross-sectional imaging of the neighboring pristine and mechanically annealed regions. Although the interface between the pristine and the mechanically annealed regions shows a thinner part than other regions, we did not find any sign of significant damage in the films or delamination for a mechanical force of 1.0 μN (350 MPa) in the mechanically annealed regions. In addition, we clearly see that the surface roughness increased in the mechanically annealed region.
We measured the vertical and lateral piezoresponse hysteresis loops with a loading force of 125 nN using a dual ac resonance tracking (DART) mode of PFM 31 in both pristine and mechanically annealed regions, which were scanned with a mechanical force of 1.0 μN before the loop measurement, to investigate the effects of mechanical force on the piezoelectric properties of the P(VDF-TrFE) thin films. As shown in Figure 2b , the average remanent vertical piezoresponse amplitude increased from 21.9 ( 3.3 pm/V to 28 ( 6.9 pm/V and the coercive voltage (V c ) for vertical piezoresponse amplitudeÀvoltage butterfly loops increased from 6.2 ( 0.5 V to 7.7 ( 0.2 V in the mechanically annealed region. The average remanent lateral piezoresponse amplitude also increased significantly from 0.8 ( 0.2 (au) ARTICLE to 1.7 ( 0.5 (au), and the coercive voltage (V c ) for lateral piezoresponse amplitudeÀvoltage butterfly loops increased from 7.8 ( 1.4 V to 8.7 ( 0.8 V in the mechanically annealed region (see Figure 2d ). The vertical and lateral piezoresponse amplitudes measured after the mechanical annealing were 28% and 102.4% higher than the pristine film in this study.
It should be noted that the observed lateral piezoresponse amplitudeÀvoltage butterfly loops contain a component that is not usually observed in lateral piezoresponse loops induced by domain switching. 32 The possible scenario that can account for the small loops observed at the end of the loop is the anomalous contribution of (potentially charged) domain walls to the lateral piezoresponse, which upon reaching the maximum field disappear, as there are no more domain walls. 33 In order to explore the changes in domain structure and the vector piezoresponse induced by the structural modification, we conducted vertical and lateral PFM imaging in both pristine and mechanically annealed regions. We scanned the pristine region over 1 μm Â 1 μm area with an applied force of 0.03 μN to the tip, ARTICLE as shown in Figure 3a and b. Then we scanned the mechanically annealed region using the same condition as above, which was formed by scanning the tip with a loading force of 1.0 μN over the pristine region as shown in Figure 3c and d. Figure 3a shows granular-type domains with a random distribution of positive (up) and negative (down) piezoresponse vectors. However, in the mechanically annealed region, the randomly oriented domains changed their shapes to elongated stripe domains with downward vertical piezoresponse vectors, which match with the surface morphology of the mechanically annealed regions. In Figure S3 , we applied a mechanical force ranging from 0.6 to 1.0 μN to the tip and obtained PFM images with an applied force of 0.03 μN to the tip in both pristine and mechanically annealed regions. Here we also confirmed that the randomly oriented vertical polarization vectors aligned along a downward direction and the vertical piezoresponse amplitude increased as we increased the mechanical force ( Figure S3 ).
On the basis of lateral PFM images at a sample rotation angle of both 0° (Figure 3b and d) and 90°( see Figure S2 in the Supporting Information), we can confirm the formation of stripe domains in the mechanically annealed regions. In addition, randomly oriented lateral piezoresponse vectors in pristine regions became more uniform and were mostly aligned toward the perpendicular direction to the long axis of the stripe domains in the mechanically annealed regions based on Figure 3d and Figure S2 in the Supporting Information.
To understand the structural changes in the mechanically annealed region, we measured the Raman spectra of both pristine and mechanically annealed regions in the wavenumber range of 700À1500 cm À1 using micro-Raman spectroscopy. The band at 805 cm À1 can be assigned either to the crystalline R-phase, which consists of alternating transÀgauche conformations, 34 or the alternating transÀgauche conformations. The bands at 848 and 1292 cm À1 are assigned to the symmetric CF 2 stretching mode in the crystalline β-phase, possessing short and long trans sequences, respectively. 34, 35 The band at 1430 cm À1 represents the CH 2 deformation mode of the VDF unit and gives a similar band for all crystalline forms. 36À38 The band at around 1350 cm À1 is unknown from the literature of Raman spectra on ferroelectric polymers. However, this band has been detected as a very weak band in FTIR (Fourier transform infrared) spectroscopy, and it represents a mixture of pure crystalline phase and disordered phase. 39 
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As shown in Figure 4a , the bands at 848 and 1292 cm À1 related to the crystalline β-phase were observed in the pristine region. The band at 848 cm À1 decreased while the band at 1292 cm À1 increased in their intensities as the applied force increased. In the meantime, a new band at 805 cm À1 was observed when the mechanical force was larger than 0.8 μN, indicative of a critical force between 0.7 μN (247 MPa) and 0.8 μN (283 MPa) to form the transÀgauche conformations in the mechanically annealed region. On the basis of our finding from grazing incidence wide-angle X-ray scattering (GIWAXS) in Figure S6 , we observed only the crystalline β-phase, which is oriented along the (200) or (110) planes where the c-axis is aligned parallel to the substrate without R-phase in both pristine and mechanically annealed regions (see Figure S5À7 in the Supporting Information). Therefore, we conclude that this band comes from the formation of transÀgauche conformations or defects under high mechanical stress.
In order to map the conformational and structural changes over the whole area of both the pristine and mechanically annealed regions, we measured the Raman spectra at each point on a 22 Â 13 grid spanning an area of 33 μm Â 19.5 μm, which covered the rectangular mechanically annealed region of 20 μm Â 10 μm in the center and the pristine region around it (Figure 4b-1 ). We mapped the intensity of the Raman bands at 805, 848, and 1292 cm À1 over an area of 33 μm by 19.5 μm, which correspond to red, yellow, and green images, respectively, in Figure 4b . We found that the intensity of the bands at 805 and 1292 cm À1 increased and that of the band at 848 cm À1 decreased 
in the mechanically annealed region, which agrees with the observation made from Figure 4a . Figure 4c shows the representative Raman spectra for both pristine (circle-marked position) and mechanically annealed (triangle-marked position) regions, which were selected from the sets of the spectra used for Raman mapping in Figure 4b .
Here, we suggest a model that explains both the structure and property changes induced by the mechanical annealing. We believe that the main mechanism is the formation, growth, and reorientation of the lamellar crystals resulting from the sliding diffusion of molecular segments along the chain axis under high mechanical stress ( Figure 5 ).
First, it is known that under high mechanical pressure and high temperature the polymer chains form β-extended chain crystals (β-ECCs) through the sliding diffusion. 40À43 We assume that the sliding motion of the tip with high pressure creates a similar environment underneath the tip, where both the pressure and temperature are comparable to the condition under which the β-ECCs form through the sliding diffusion.
Therefore, we think that the formation and growth of the β-phase extended chain crystals from a crystalline β-phase were increased when the tip moved under a local tip-induced pressure of 350 MPa. We hypothesize that the local pressure facilitates the kinetics of crystallization of the β-phase with long trans sequences from the original β-phase via enhanced sliding diffusion.
Second, the sliding motion of the tip under high pressure also creates regions that experience a high shear stress up to 150 MPa, which is calculated by multiplying the normal stress and the friction coefficient. 44 The high shear stress around 150 MPa can lead to a decrease in viscosity due to the shear thinning effect. 45 When the viscosity decreases, the defect density increases as a result of the increase in the disorder of the molecular chains. 45 This will, in turn, increase the interchain separation and result in a shorter coherence length of the crystalline regions, in which conformations with trans (T) and gauche (G) bonds are energetically favored. 45À47 As a result, the G bonds will form more easily in the all-trans conformations with a short trans sequence.
On the basis of the model described above, the increase of peak intensity of Raman scattering at 1292 cm À1 results from the formation and growth of the β-ECCs under high mechanical stress. Furthermore, the increase in peak intensity at 805 cm À1 and the decrease in peak intensity at 848 cm À1 result from the nucleation of G bonds in all-trans conformations, which consist of short trans sequences. Although the increase in transÀgauche conformations or defects in the β-phase with short trans sequences results in the decrease of the piezoresponse, we think the an increase in β-phase with ARTICLE long trans sequences counteracted the negative impact of the defects and played the dominant role in the increase of the piezoresponse after mechanical annealing.
Finally, when the film is yielded due to the high tensile stress induced by the tip, the crystal structure can be disrupted by the "slip", which occurs within the individual lamellar crystals, leading to a molecular reorientation along the tensile axis. 48 It is worth noting that although the tip is exerting compressive stress beneath and at the moving front, the trailing part and the vicinity will experience tensile stress, which will contribute to the slip. Therefore, the lamellar crystals will be aligned along the scanning direction, which, along with the formation of β-ECCs, accompanies the formation of the long stripe domains with the piezoresponse vector pointing perpendicular to the scan axis. We think that the formation of well-aligned long stripe domains after mechanical annealing also contributes to enhancement of the piezoresponse because it may accompany the reduction of imperfections and defects in the crystalline β-phase with long trans sequences. 49, 50 With the structural change in terms of morphology, phase, and domain configuration understood by the model in Figure 5 , we extend the model to explain the improvement in the piezoresponse property shown in Figure 2 using a nonlinear phenomenological theory of ferroelectrics. It should be noted that the mechanical clamping effect by the tip when applying pressure to the tip is not considered in the model, 51À53 which limits the interpretation to the case where the increase in the remnant piezoresponse can be measured at ambient pressure if the polarization rotation is nonvolatile after the release of the pressure. On the basis of our SEM, PFM, and hysteresis results obtained in atmospheric conditions after mechanical annealing, we confirmed that the polarization rotation induced by the pressure was nonvolatile even after the release of the pressure. This indicates that the structural changes induced by plastic deformation in the mechanically annealed region can be coupled with the rotation of polarization.
In addition, our model does not include the microstructure changes and phase transitions of P(VDF-TrFE) induced by the local pressure, as nonlinear phenomenological theory is a macroscopic method. However, our model captures the macroscopic effect of mechanical stress on polarization, which can explain the rotation of polarization and increase in the remnant piezoresponse induced by the applied stress via the SPM tip.
The free energy of P(VDF-TrFE) can be expanded in terms of the polynomial of polarization P i (i = 1, 2, 3) ARTICLE and stress σ I (I = 1, 2, ..., 6) given in Voigt notation and expressed as 54
where R is a temperature-dependent function, β, γ 1 , and γ 2 are constants, S IJ is the elastic compliance constant measured at constant polarization, Q IJ is the electrostrictive coefficient coupling the elastic and electric field in ferroelectrics, and the E i is electric field. The polarization can be determined by minimizing the free energy, and the corresponding piezoelectric coefficients can be evaluated accordingly, as detailed elsewhere. 55 It should be noted that the polarization vectors (P) and the piezoresponse vectors (U) have different amplitude ratios between out-of-plane (vertical) and in-plane (lateral) components and overall directions due to the dependence of both vertical and lateral piezoresponse vectors on various piezoelectric coefficients shown in eqs 2 and 3.
Before the mechanical force loading, P(VDF-TrFE) films are under a stress-free state. In this case, the minimization of free energy corresponds to the six possible polarization (P) variants coexisting, which agrees with the observation of a random distribution of positive (up) and negative (down) piezoresponse vectors (U) in the vertical PFM images (Figure 3a) .
Considering the initial piezoresponse vectors of P(VDF-TrFE), being U 3 < 0 and U 1 < 0, and the polarities of U 3 and U 1 were the same as those of P 3 and P 1 , the variation of polarization under the mechanical force is calculated, as shown in Figure S8a , which suggests that the polarization is rotated downward on increasing the out-ofplane component and decreasing the in-plane component.
The corresponding vertical (U 3 ) and lateral (U 1 ) piezoresponse can be evaluated using the following analytical expression: 56
which was derived by Eliseev et al. 56 for general piezoelectric anisotropy under the assumption that P(VDF-TrFE) thin films are dielectrically isotropic. Note that V Q is the external potential applied to the SPM tip, v is the Poisson ratio, and piezoelectric coefficients can be calculated using the nonlinear phenomenological theory.
The calculated values of the vertical (U 3 (σ)) and lateral (U 1 (σ)) piezoresponses in the stressed regions of the film, normalized by the values measured in the unstressed regions, are shown in Figure S8b , which suggest that both vertical and lateral piezoresponses can be enhanced under the mechanical force. It should be noted that U 3 (σ) and U 1 (σ) induced by σ will retain their values even after the removal of σ, indicative of either metastable or stable transition by the stress. This is in a good qualitative agreement with our experimental observation of enhancement of both vertical and lateral remanent piezoresponses as shown in Figure 2 and the schematic illustration of the piezoresponse vector configuration after mechanical annealing, as shown in Figure S9 , constructed based on the vertical and lateral PFM images in the selected area shown in Figure 3 .
CONCLUSIONS
In conclusion, we report a mechanical annealing effect in the ferroelectric polymers induced by the SPM tip-generated stress, which results in enhancement of the local piezoelectric response. Piezoresponse force microscopy imaging and Raman spectroscopy show that the mechanical annealing increases the volume fraction of the ferroelectric β-phase with a long chain sequence and aligns the in-plane component of polarization toward the direction perpendicular to the scan direction. We believe that this new technique can be used for enhancement of molecular alignment and piezoelectric property. In order to apply "mechanical annealing" to large-scale production of a high-performance piezoelectric device, we are currently developing techniques for scale-up using either a roller with multiple sharp tips or a macroscale razor blade with nanoscale sharpness.
MATERIALS AND METHODS
Materials Preparation. We dissolved 0.01 g of P(VDF-TrFE) powder (75/25 mol %, MSI Sensors Inc.) in methyl ethyl ketone. The solution was filtered by 0.22 μm pore size PTFE membrane syringe filters, and then the filtered solution was spin-coated onto the Au/Cr/SiO 2 /Si substrate at 1500 rpm for 10 s. The spincoated film was subsequently annealed at 130°C for 1 h on a hot plate. The resulting thickness of the P(VDF-TrFE) film was about 50 nm. The thickness was measured by cross-section TEM (FEI Tecnai F20ST).
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Mechanical Annealing Using an SPM Tip. We applied mechanical force ranging from 0.6 to 1.4 μN to the film using atomic force microscopy (MFP-3D AFM, Asylum Research) with a Pt/Ir-coated tip (radius of 30 nm, PPP-EFM, Nanosensors) during 64 line scans with a scan rate of 1 Hz. Mechanical force was determined by multiplying the spring constant of the cantilever (2.2À3.4 N/m), the inverse optical lever sensitivity (40.6À58.1 nm/V), and the cantilever deflection signal (6À11 V).
Morphology Characterization. The change of the surface morphology was confirmed via field emission scanning electron microscopy (FESEM, JEOL JSM-7500). The change of the surface roughness was measured by AFM and cross-sectional TEM on both as-grown and mechanically annealed regions.
Piezoresponse Hysteresis Loop Measurement. The vertical and lateral piezoresponse hysteresis loops were measured by dual ac resonance tracking PFM (DART-PFM) 31 mode in both the pristine and the mechanically annealed regions. The loading force was around 125 nN. The local piezoresponse hysteresis loops were measured at three different arbitrary points for four times at each position. The vertical piezoresponse was calibrated using the inverse optical lever sensitivity obtained from the forceÀdistance curve and adjusted by dividing the calibrated amplitude by the quality factor based on a simple harmonic oscillator model. The inverse optical lever sensitivity refers to the ratio of the absolute displacement of the tip to the output voltage of the photodiode sensor, and the forceÀ distance curve refers to the plot of the photodiode voltage as a function of the z-actuator position that moves the tip up and down. It should be noted that DART-PFM oscillated the cantilever close to the resonance; hence the absolute phase can change from 0°to 180°depending on where we put the drive frequency. Therefore, while the phase difference between two opposite domains remains 180°, the absolute phase for each domain could deviate from either 0°or 180°. In addition, as the amplitude is enhanced by the resonance, we need to calibrate the amplitude by dividing it by the quality factor. 15 PFM Imaging. The vertical and lateral PFM images were obtained with drive frequencies near the contact resonance for vertical and torsional motions of PFM cantilevers, which were 171.96 and 684.52 kHz, respectively. Using a microrotation stage (7R128, Altos Photonics), we rotated the sample by 90°i ncrements and adjusted the scan angle by the same amount to map the same region of interest.
Raman Spectroscopy and Mapping. Raman spectra were recorded using a Raman microscope (Renishaw inVia) using 633 nm excitation from a HeNe laser in the range 500À1500 cm À1 . The sample was excited by 8 mW incident laser power, and scattered light was collected through a 50Â objective lens (Leica, numerical aperture (NA) = 0.75) with 2 μm spot size. We measured the Raman spectra at each point on 22 Â 13 grids over an area of 33 μm by 19.5 μm and mapped the intensity of Raman bands at 805, 848, 1292, and 1430 cm À1 over the entire region. Each data point resulted from averaging 10 integrations with an acquisition time of 20 s for each integration.
Grazing Incidence Small-and Wide-Angle X-ray scattering. A 50 nm thick P(VDF-TrFE) film coated on highly doped n-type silicon was prepared by the LangmuirÀBlodgett technique and was annealed at 130°C for 1 h. A mechanically annealed region of 1 mm long and 50 μm wide was prepared using an SPM tip. GISAXS and GIWAXS were measured at the beamline 12-ID-B at Advanced Photon Source, Argonne National Laboratory. A 14 keV X-ray beam was focused on a 50 Â 10 μm 2 (H Â V) area at an incident angle of 0.12°. Pilatus2M and PerkinElmer XRD 1621 CN detectors were used for GISAXS and GIWAXS, respectively. The sample to detector distance for GISAXS was about 3.2 m, and that for GIWAXS was about 0.15 m.
Modeling. The effects of mechanical force on the polarization and PFM response were calculated using the nonlinear phenomenological theory of ferroelectrics.
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